[1] Although monoterpenoid-emitting Quercus species lack specific terpene storage structures, they may store monoterpenoids in nonspecific leaf compartments. To determine whether such storage may influence emission responses to diurnal changes in environmental factors, a dynamic emission model including ''fast'' and ''slow'' storage pools in parallel was constructed. Existence of two storage pools was inferred from the circumstance that monoterpene efflux from darkened leaves was poorly described by single-exponential decay relationship, but was well parameterized by double exponentials. Simulations indicated that nonspecific terpenoid storage may significantly alter daily monoterpenoid emission both at leaf and canopy scales. The model also described shifts in fractional monoterpenoid composition after changes in environmental factors that cannot be explained by current algorithms. Time constants for the ''fast'' pool were negatively associated with monoterpenoid equilibrium gas/water partition coefficient (H), suggesting that the ''fast'' pool is in leaf liquid phase. The time constants for the ''slow'' pool were independent of H, but scaled positively with monoterpenoid octanol/water partition coefficient, indicating that this pool is in lipid phase. Based on tentative pool locations and monoterpenoid physico-chemical characteristics, time constants of various pools were computed using a flow/conductance model. Although the time constants were correlated, the theoretical estimates were larger than those derived empirically. Nonhomogeneous monoterpenoid distribution, aggregation within leaf liquid phase, and adsorption to apoplast surfaces that all decrease the area for diffusion and decrease the effective diffusion coefficients likely explain this discrepancy. We conclude that physico-chemical models are needed to parameterize nonspecific storage effects on monoterpene emission dynamics and emission composition. 
Introduction
[2] Volatile organic compounds play an important role in tropospheric ozone forming reactions [Fehsenfeld et al., 1992; Fuentes et al., 2000] and serve also as condensation nuclei in aerosol formation [Pio et al., 2001] . At the global scale, model simulations suggest that biogenic emission of volatile organic compounds exceeds the anthropogenic emission [Müller, 1992; Guenther et al., 1995] . However, there are still large uncertainties in estimations of volatile compound fluxes, because many aspects of biological controls on volatile emissions are still not entirely understood.
[3] Many plant species are strong emitters of monoterpenoids [Fuentes et al., 2000; Geron et al., 2000; . In conifers, which possess extensive storage pools of monoterpenoids in resin ducts, the diffusion flux from the pools is suggested to control the monoterpenoid emission rate GLOBAL BIOGEOCHEMICAL CYCLES, VOL. 16, NO. 4, 1110 , doi:10.1029 /2002GB001927, 2002 Copyright 2002 by the American Geophysical Union. 0886-6236/02/2002GB001927$12.00 [Tingey et al., 1991; Guenther et al., 1993] . Thus, in the current conifer' emission models, the monoterpene emission rates are driven only by changes in leaf temperature [Guenther et al., 1993 Lerdau et al., 1994; Monson et al., 1995] , assuming that the efflux from the pools is always in a steady state. However, there is a wide range of monoterpene emitting broad-leaved species [Guenther et al., 1996; Loreto et al., 1996a Loreto et al., , 1996b Schuh et al., 1997; Benjamin and Winer, 1998; Hakola et al., 1998 ] that lack specialized monoterpene-storage compartments within the leaves. In these species, monoterpenoid emission rates depend not only on temperature, but also on incident irradiance [Loreto et al., 1996c; Bertin et al., 1997; Schuh et al., 1997; Staudt and Bertin, 1998 ] similarly to foliar isoprene emission rates [Monson and Fall, 1989; Guenther et al., 1991] .
[4] Previous simulation studies Ciccioli et al., 1997; Kesselmeier et al., 1998; Niinemets et al., 2002c] have used various isoprene emission algorithms [Guenther et al., 1993; Niinemets et al., 1999] to describe the diurnal variability in monoterpenoid emission rates in broad-leaved species. Although modeling monoterpene emission analogously to isoprene provides qualitatively good fits to the data in some instances, poorly understood variances on the order of 30-50% are a rule rather than an exception in such simulations Kesselmeier et al., 1997; Llusià, 1999a, 1999b; Sabillón and Cremades, 2001] . The low modeling power of simple empirical algorithms driven only by incident irradiance and leaf temperature can partly be explained by water stress effects on volatile isoprenoid emission Bertin and Staudt, 1996; Moncrieff et al., 1997; Llusià, 1999a, 1999b] either due to decreases in isoprene and monoterpenoid synthase activities, or due to limited carbon and energy supply for isoprenoid synthesis [Niinemets et al., 1999 [Niinemets et al., , 2002c .
[5] Apart from the stress effects, physico-chemical characteristics of monoterpenoids differ from those of isoprene. Thus, the emission kinetics of isoprene and monoterpenes may not necessarily be identical. In particular, the saturated partial pressure of monoterpenoids on the order of 0.02-0.6 kPa at 25°C is considerably lower than that of isoprene of 73.6 kPa at 25°C [Mackay and Shiu, 1981; Howard and Meylan, 1997; Daubert et al., 1998; Weitz and Loser, 1998 ] (see also R. L. Brown and S. E. Stein, Boiling point data, in NIST Chemistry WebBook, NIST Standard Reference Database Number 69, edited by P. J. Linstrom and W. G. Mallard, National Institute of Standards and Technology, Gaithersburg, Md., available at http://webbook.nist.gov, July, 2001 ) and monoterpene molecules are also larger and diffuse more slowly than the isoprene molecules. This suggests that depending on the partitioning of diffusion limitations between lipid, liquid, and gas phases, the monoterpenoid emission rates may occasionally be limited by volatility and intraleaf diffusion also in species lacking specialized foliage monoterpene-storage compartments. Accordingly, the assumption of instantaneous light and temperature response that may be germane for more volatile isoprene may be inherently inappropriate for monoterpenoids, leading to significant errors in simulations of monoterpene emission.
[6] Several lines of evidence indicate that there may be a certain foliar monoterpene storage pool even in species lacking specific storage compartments within the leaves. (1) In experimental studies, terpenoid emission does not respond instantly, but with a time-lag after illumination of darkened leaves. Maximum values of emission are observed after several hours of constant illumination, and terpene emission does not come to an immediate halt after switching off the light [Bertin and Staudt, 1996; Loreto et al., 1996a Loreto et al., , 1996c Loreto et al., , 2000 Ciccioli et al., 1997; Hansen and Seufert, 1999] . Given that the biochemical regulation of isoprenoid synthesis is assumed to be very fast [Logan et al., 2000; Singsaas and Sharkey, 2000] , and the foliar pools of photosynthetic intermediates as well as ATP and NADPH contents are generally small [Laisk et al., 1984; von Caemmerer and Edmondson, 1986; Loreto and Sharkey, 1993] , such delayed responses hint at filling up and emptying of nonspecific terpene storage pools in the leaves. These delayed emission responses are further corroborated by slow monoterpene labeling and unlabeling kinetics in 13 C-feeding experiments [Loreto et al., 1996a [Loreto et al., , 1996b [Loreto et al., , 2000 . (2) In the broad-leaved emitting species, there are significant night emissions from the leaves Schuh et al., 1997; Loreto et al., 2000; Niinemets et al., 2002a] that are not in accord with a complete lack of foliar monoterpene storage. (3) Anomalous responses of monoterpenoid emission rates to light and temperaturee.g., bursts of monoterpenoid emission after rapid changes in leaf temperature as well as in hot days following cool days [Niinemets et al., 2002a [Niinemets et al., , 2002c -are often observed in field studies Peñuelas and Llusià, 1999b; Niinemets et al., 2002a Niinemets et al., , 2002c , and cannot be explained by current emission algorithms. (4) Fumigation of leaves of terpene-emitting and nonemitting species with exogenous monoterpenes leads to significant monoterpenoid efflux from the leaves of both emitting and nonemitting species. Such emission fluxes are measurable for more than 12 h after the fumigation treatment [Delfine et al., 2000] , conclusively demonstrating that the leaves of species without specific storage compartments may still have a significant capacity for monoterpene storage. Finally, (5), direct measurements of intraleaf monoterpenoid contents indicate that monoterpene emission may continue with a maximal rate at the expense of the nonspecific storage for at least 10 -15 min without any de novo synthesis [Loreto et al., 1998 ]. These observations collectively imply that nonspecific storage effects may be significant, and consequently, may importantly alter monoterpenoid emission dynamics. Because environmental factors rapidly fluctuate during the day as well as between the days, consideration of such effects can be particularly relevant for simulation of diurnal timecourses of monoterpenoid emissions. Existence of a temporal storage in the leaves suggests that dynamic models may be required to improve the correspondence between experimental observations and model estimates.
[7] In a previous study [Niinemets et al., 2002c] , we demonstrated that a steady-state biochemical model coupling terpene production rate to the rate of photosynthetic electron transport may be successfully employed to simulate the emission in dependence on incident light and leaf temperature in Mediterranean sclerophyllous monoterpene-emitting species Quercus coccifera L. and Quercus ilex L. [Loreto et al., 1996a [Loreto et al., , 1996b [Loreto et al., , 1996c ] that lack specialized terpenestorage compartments within the leaves. In the current study, we develop a phenomenological model (1) to explore the extent to which the emission from nonspecific storage may alter the emission kinetics in these species, and (2) to determine how long the emission from the pools can sustain foliar terpene efflux. We used the data of Loreto et al. [1996a] for model testing. Specifically, time-lags between the onset of emission and reaching a steady state, as well as the timedependent decreases in terpene efflux from darkened leaves were employed for model parameterization. The kinetic data of terpene-release from terpene-fumigated leaves of Q. suber [Delfine et al., 2000] were also analyzed. Although the leaves of Q. suber are morphologically homologous to other Mediterranean evergreen sclerophyllous Quercus species, Q. suber is a monoterpene nonemitter.
[8] In addition to reliable modeling of temporal changes in total terpene fluxes, it is also relevant to simulate timeand environment-dependent variabilities in composition of emitted monoterpenes, because the atmospheric life-times as well as reactivity in ozone-forming reactions vary more than two orders of magnitude between various monoterpenes [Fehsenfeld et al., 1992] . In Mediterranean monoterpene emitting Quercus species, at least 22 different monoterpenoids have been observed in the emission patterns (see Staudt et al. [2001] and Niinemets et al. [2002c] for a review). Given that there is a broad variation in terpene solubilities, vapor pressures and diffusion coefficients [Howard and Meylan, 1997] , the degree to which various monoterpenoids are stored should differ between the monoterpenoids. Thus, changes in environmental factors may alter the emission of various monoterpenes to a different extent, and there may be relevant diurnal alterations in fractional composition of emitted monoterpenoids. Therefore, a further task of our study (3) was to investigate the relationships between monoterpene physico-chemical characteristics and the storage pool time constants, and to determine whether differences in monoterpenoid physico-chemical variables may lead to altered composition of emissions. We (4) constructed an extensive data set of physico-chemical characteristics of monoterpenoids, and using the resistance/flow models determined the most critical variables that affect the monoterpenoid diffusion flux.
Materials and Methods

Development of a Dynamic Monoterpene Emission Model
[9] Despite the conclusive evidence of foliar monoterpenoid storage in Mediterranean evergreen Quercus species, information of possible location of the storage pool is currently limited. However, determination of exact diffusion pathway as well as the surface area available for diffusion from the storage pool is critical to reliably simulate the dynamic responses of emission to changes in monoterpenoid synthesis rate. Therefore, we first develop a phenomenological model that allows quantitative description of the fluxes, and further relate the empirical time-constants of the model to theoretical diffusion pathway lengths in various leaf compartments, thereby allowing tentative estimation of the sites of storage.
[10] To estimate whether the stored compounds originate from a single pool or whether they diffuse from several pools of differing turnover time, we fitted monoterpene release data of darkened leaves of terpene-emitting species Q. ilex [Loreto et al., 1996a [Loreto et al., , 1996c and terpene-fumigated nonemitting species Q. suber [Delfine et al., 2000] by exponential equations. All monoterpenoids emitted by Q. suber originate from a nonspecific storage, and we also Figure 1 . Fitting of time-dependent changes in monoterpene emission rate (F ) after cuvette darkening at time t = 0 min in Q. ilex (data of Loreto et al. [1996a] ). The data were fitted by single-and double-exponential models in A, and relative model residuals are depicted in B. The singleexponential model fits the emission data as F = S 0 ke Àkt , where S 0 is the initial pool size and k the rate constant. The double-exponential model is given as
Þk 2 e Àk 2 t , where k 1 and k 2 are the time constants and h is the initial fraction of monoterpenoid present in the ''faster'' pool. The initial monoterpene content was found as the sum of all monoterpenoids emitted. The fraction of explained variance (r 2 ) was 0.77 for the single-exponential and r 2 = 0.994 for the double-exponential decay model. assume that no de novo monoterpenoid synthesis occurs in the darkened leaves of Q. ilex (s. Discussion for possible effects of monoterpenoid synthesis in the dark on predicted fluxes). All these experiments [Loreto et al., 1996a [Loreto et al., , 1996c [Loreto et al., , 2000 Delfine et al., 2000; Niinemets et al., 2002a] demonstrated nonlinear decreases in monoterpenoid emission rates after darkening (Q. ilex, Figure 1a ) and after cessation of terpene-fumigation (Q. suber). We expected that a singleexponential relationship would explain the time-dependent emission changes if the monoterpenoids are emitted from one storage pool only, and that a series of exponentials are necessary to fit the data if the emission originates from several pools.
[11] Fitting of the emission time-courses by a singleexponential decay model generally provided poor correspondence with the data (Figure 1a) , and the lack of fit became larger with a time-dependent systematic error (Figure 1b) , indicating that the monoterpenoids are likely stored in more than one pool. In contrast, double-exponential decay model resulted in a good agreement between the measured and observed monoterpene efflux estimates (Figure 1) , suggesting that there are at least two storage pools of monoterpenoids with differing time constant. Given that application of a triple-exponential decay model nonsignificantly improved the fit (data not shown), we consider the double-exponential decay model appropriate.
[12] Thus, we apply a phenomenological model (Figure 2 ), which assumes that after production the monoterpenes can be stored in two abstract pools, one with a fast (first order rate constant k 1 [s
À1
]) and another with a slow (k 2 ) turnover rate. The emission rate of each monoterpene from the pools, F, at time t is proportional to the storage pool size (S 1 [nmol m À2 ] for the ''fast'' and S 2 [nmol m À2 ] for the ''slow'' pool):
The dynamics of both pools can be described as difference between monoterpene synthesis rate and efflux from the pools:
where I is the monoterpene production rate per leaf area
], and h is a dimensionless coefficient determining the partitioning of synthesized monoterpenes between the pools. The rate of monoterpene production, I, may be calculated either by an empirical model that is driven by incident irradiance and leaf temperature [Guenther et al., 1993; Bertin et al., 1997; Ciccioli et al., 1997] or may be determined from a correlation between monoterpene synthesis rate and the rate of photosynthetic electron transport [Niinemets et al., 1999 [Niinemets et al., , 2002c , or the rate of photosynthesis [Martin et al., 2000] [13] Integrating the system of differential equations (2a) and (2b) gives:
where S 1 (t 0 ) and S 2 (t 0 ) are initial pool sizes. The half-times (t) of the pools are given by t = ln(2)/k, where k is the timeconstant for the specific pool. In the steady state, dS 1 /dt = 0 and dS 2 /dt = 0, and the steady-state pool sizes are equal to:
[14] We apply the model separately for each monoterpene, and find the total monoterpenoid emission rate as the sum of all individual monoterpenoid emission rates. The kinetic constants k 1 and k 2 , and the fractional distribution of Figure 2 . Outline of the dynamic model for simulation of nonspecific storage effects on foliar monoterpenoid emission in Mediterranean Quercus species. In the model, the monoterpenoids synthesized with a rate I are partitioned between two parallel storage pools of different time constant (k 1 and k 2 ) and size (S 1 and S 2 ). The monoterpenoids are emitted through the stomata with a rate k gas S gas , where k gas is the stomatal rate constant and S gas the gas-phase pool size.
synthesized monoterpenoid between the two pools, h, were determined for each monoterpenoid emitted by nonlinear fits to the emission decay data of Q. ilex [Loreto et al., 1996a] and Q. suber [Delfine et al., 2000] using the least sum of error squares criterion with Levenberg-Marquardt algorithm [Draper and Smith, 1981; Visual Numerics, 1993] . In Q. ilex, we also derived the model parameters using the entire emission time-course from the start of leaf illumination until the experiment termination (Figure 3 ). In these calculations, an estimate of the rate of monoterpene synthesis, I, was found as the average of four highest measurements by Loreto et al. [1996a] .
Scaling of the Dynamic Model to Canopy Level and Comparison With Steady-State Approaches
[15] The phenomenological model (equations (1) -(3)) was employed to calculate the whole-canopy fluxes of monoterpenoids for a representative period in June 1997 in Figure 3 . Measured (symbols, Loreto et al. [1996a] ) and simulated (lines) time-courses of a-pinene emission rates (A, B) and estimated pool sizes of ''slow'', ''fast'' and total a-pinene storage pools (C, D). The light was switched on at t = 0 min and off at t = 80 min, and the model was fitted to the entire timeseries (A, C) or only to the terpene efflux data after leaf darkening (B, D). The shaded areas in A and B give the 95% confidence intervals for the nonlinear fits [Draper and Smith, 1981] .
Castelporziano, Rome, Italy (41°45 0 N, 12°22 0 E) in a mixed Q. ilex/Pinus pinea forest [Valentini et al., 1992; Manes et al., 1997] where extensive measurements of whole-canopy monoterpenoid emission fluxes have been carried out using a relaxed eddy-accumulation technique [Moncrieff et al., 1997 ] (Reichstein et al., submitted manuscript, 2002 . The rate of monoterpenoid synthesis in these simulations was computed for actual meteorological conditions with an emission model that employs a correlation between photosynthetic electron transport and monoterpenoid emission rate to describe the control of emission rates by incident quantum flux density, and the temperature dependence of the activity of monoterpenoid synthase to model the temperature effects on emission (ETR-model [Niinemets et al., 2002c] ). In this model, the empirical light dependence of monoterpene emission at a certain temperature is substituted by that of photosynthetic electron transport rate, assuming that monoterpene synthase is fully active in the leaves. Accordingly, the fraction of electrons going into monoterpene synthesis pathway depends on monoterpene synthase content of the leaves, and is basically equivalent with the emission rate in standardized conditions, E S , used in other models [Guenther et al., 1993 Bertin et al., 1997] . The leaf-level model was scaled up to the stand level as detailed by (Reichstein et al. (submitted manuscript, 2002) .
[16] For comparison, canopy monoterpenoid fluxes were also computed by the ETR-model and the Guenther et al. model [Guenther et al., 1993 assuming that the synthesized monoterpenoids are immediately emitted. The Guenther et al. model [Guenther et al., 1993 scales F S to different leaf temperatures and incident quantum flux densities using empirical light and temperature correction functions. We have previously demonstrated (Reichstein et al., submitted manuscript, 2002 ) that for nonreactive atmospheric conditions both ETR and Guenther et al. model can be employed to reliably simulate whole canopy monoterpene emissions with the explained variances (r 2 ) between the simulated and measured canopy fluxes varying from 0.80 to 0.86 for different models. Our simulations also indicated that the ETR-model lacking a storage term predicts a larger sensitivity of canopy emission fluxes to environmental stresses (Reichstein et al., submitted manuscript, 2002 [17] To gain insight into possible location of the storage pools, we first describe the monoterpene emission by a flow/conductance model, and further associate the measured kinetic constants of the pools with the conductances of the diffusion pathway.
[18] Although the cuticle may be permeable to monoterpenes [Schmid et al., 1992] , in Q. ilex, the monoterpenes are almost exclusively emitted by lower leaf side, where the stomata are located in this species [Loreto et al., 1996c] . Because the cuticular emissions (0.009 nmol m À2 s À1 for apinene) are ca. three orders of magnitude less than the stomatal emissions (4.552 nmol m À2 s À1 [Loreto et al., 1996c] ), we neglect the cuticular conductance for monoterpenoids, and use an expression analogous to that previously employed to describe CO 2 diffusion into the leaf [Farquhar and Sharkey, 1982; Ball, 1987; Field et al., 1989 ; see also Tingey et al., 1991] for simulation of terpene efflux (F, mol m À2 s
À1
):
where ) is the stomatal conductance for water vapor, P i (Pa) is the terpene partial pressure in the substomatal cavities, and P a (Pa) in the air, P (Pa) is the total air pressure and E (mol m À2 s
) leaf transpiration rate. The first part of this equation describes the control of terpene flux by stomata, the second part of the flux equation is attributable to mass flow due to net water flux through the stomata. Because the second part of the equation (5) is generally ( than the first part, we neglect the contribution of mass flow. Considering further that in well-mixed air no terpene build-up occurs in the leaf boundary layer and in the ambient air, P a is practically zero under natural conditions. Thus, the intercellular terpene partial pressure is given as:
Analogously to CO 2 uptake by leaves [Laisk and Oja, 1998 ], we express the monoterpene diffusion flux from the site of synthesis in chloroplasts to substomatal cavities as:
where G M (m s
) is the monoterpene transfer conductance from chloroplasts to substomatal cavities, C w (mol m
À3
) is the water-phase monoterpene concentration in the chloroplast, and H (Pa m 3 mol
À1
), the equilibrium air-water partition coefficient (Henry's law constant), converts the partial pressures to equivalent concentrations in the leaf liquid phase. For dilute aqueous solutions, H is equal to [Staudinger and Roberts, 1996] :
where C a (mol m
À3
) is the liquid-phase monoterpene concentration at a monoterpene partial pressure of P T , d is the monoterpene solubility in water (mol m À3 ) and P V the saturating monoterpene partial pressure at a given temperature (Appendix A, Table 1 ). Aqueous solutions with less than 0.001 to 0.01 mole fraction of solute are considered dilute [Staudinger and Roberts, 1996] . Given that the solubility of all plant monoterpenoids is less than this threshold range (Table 1) , we conclude that application of equation (8) is appropriate for plant monoterpenoids. We also assume that the aqueous mixtures of monoterpenoids are ideal, i.e., that the solubility of a specific monoterpenoid is unaffected by the presence of other monoterpenoids. This assumption has previously been verified for structurally similar hydrophobic compounds [Banerjee, 1984] .
[19] Total mesophyll conductance consists of a liquidphase conductance from the site of synthesis or storage, g L (m s À1 ), and a gas-phase conductance from the outer surface of cell walls to substomatal cavities g ias (m s À1 ) [Evans et al., 1994; Parkhurst, 1994; Syvertsen et al., 1995] . G M is a liquid-phase conductance, and is given as the inverse of the sum of the component serial resistances [Thomas, 1990; Evans et al., 1994] :
where R is the gas constant (8.314 J mol À1 K
À1
), and T leaf temperature (K). The ratio H/(RT) gives the dimensionless Henry's law constant, and converts the gas-phase conductance to a liquid-phase equivalent conductance [Mackay and Shiu, 1981; Thomas, 1990; Laisk and Oja, 1998 ].
Theoretical Determination of the Kinetic Constants of the Model
[20] We have previously demonstrated that the half-time of the gas-phase pool (t G , Figure 2 ) of monoterpenoids with a high value of Henry's law constant (H > $100 Pa m 3 mol
À1
) is on the order of 0.1 -0.5 s in a situation with open stomata, and t G is on the order of few seconds when the stomata are closed [Niinemets et al., 2002b] . Given further that the halftimes for stomatal opening are on the order of minutes [Tinoco-Ojanguren and Pearcy, 1993] , the gas-phase pool of monoterpenes with a large H is always essentially in a steady state [Niinemets et al., 2002b] . The experimental fitting of terpene emission decay data (Figure 1 ) also provided half-times of the monoterpene storage pools that are )t G . The H values are relatively low for camphor, 1,8-cineole, linalool and a-terpineol (Table 1) , but these monoterpenoids are emitted only in trace quantities in Q. ilex [Niinemets et al., 2002c] . Given that the major monoterpenoids of Q. ilex have H > 1000 Pa m 3 mol À1 (Table 1) , we conclude that the monoterpene storage pool cannot be in the gas phase. However, the monoterpenoid storage may be either in the leaf liquid or lipid phase.
[21] Let us first assume that the storage pools are in the liquid phase. Thus, the size of the storage pool S j is related to monoterpene mesophyll concentration C w, j as:
where V (m 3 ) is leaf volume and A is projected leaf surface area (m 2 ), and f w, j is the volumetric leaf water fraction attributable to pool S j . Thus, we can relate the rate constant k j to mesophyll conductance:
Combining equation (11) with equation (9) and assuming that P i /H ( C w, j we get:
This equation predicts that whenever the storage pool is located in the liquid phase, k j is hyperbolically related to the Henry's law constant of the considered monoterpene. Given that the liquid-phase conductance, g L , is a composite conductance as outlined below, total mesophyll conductance of the specific monoterpenoid may be calculated depending on the location of the storage pool, e.g., cell wall Q. ilex emits at least 22 different monoterpenoids [Loreto et al., 1998; Staudt et al., 2001; Niinemets et al., 2002c] . Tricyclene and a-thujene were excluded because of limited physico-chemical data.
a P V = saturated vapor pressure (calculated according to equations (A5) and (A6)); d = water solubility; H = Henry's law constant (calculated as (A2)); g ias = intercellular gas-phase conductance from outer surface of cell walls to substomatal cavities (equation (16)); g L = liquid-phase diffusion conductance from the site of synthesis to outer surface of cell walls (equation (17)). In these calculations, the site of diffusion was assumed to be in the chloroplasts of mesophyll cells for all compounds. The leaf anatomical variables of Q. ilex used in calculations of g ias and g L are given in Table 2 . Data sources of all monoterpenoid physico-chemical characteristics are provided in Appendix A. b An estimate for m-cymene. c The value for cis-b-ocimene.
versus chloroplasts. To test the assumption that P i /H may be neglected in equation (12), we determined P i by equation (6) for various monoterpenoids from the data of Loreto et al. [1998] , and partitioned the measured total monoterpenoid pool between pools S 1 and S 2 using the parameterized dynamic monoterpenoid emission model (equations (2) and equations (3), see section 3). The ratio P i /(C w, j H ) was less than 10 À3 for all monoterpenoids with a large Henry's law constant (H > 10 3 Pa m 3 mol
, Table 1 ), suggesting that P i / H ratio may generally be discarded. However, for linalool with a low value of H (Table 1) , this ratio was 0.10, indicating that the gas-phase conductance for monoterpenoids with a low H may partly control the kinetics of monoterpenoid efflux from the leaves [see also Niinemets et al., 2002b] .
[22] Analogously, the diffusion equations may be formulated for monoterpene efflux from the leaf lipid pool. In this case, the pool size is given by:
where
) is the monoterpenoid lipid-phase concentration in pool S j , and f L,j is the lipid volume fraction of the specific pool. Monoterpene efflux from the lipid phase to substomatal cavities is described as:
) is the air-to lipid-phase distribution coefficient, f L,j is the lipid volume fraction in the leaf (m 3 m
À3
), and G L,j (m s
À1
) is the diffusion conductance from the lipid phase to substomatal cavities. We computed an estimate of K A/L as the ratio of H (equation (8)) to monoterpenoid octanol/water partition coefficient (K o/w , Table 1 ). There is evidence that K o/w is not only strongly correlated with lipid-to water-phase partitioning coefficients, but also that the magnitude of K o/w matches that of the lipid to water partition coefficient. For example, the cuticle to water partition coefficient of several monoterpenoids was on average only 0.77 ± 0.06 times lower than corresponding K o/w [Schmid et al., 1992] , suggesting that K o/w may correctly estimate leaf lipid to water partition coefficients (but see Discussion).
[23] P i /H ratio in equation (11), P i /K A/L ratio cannot generally be discarded, because K A/L is five orders of magnitude smaller than H, demonstrating that even small monoterpenoid intercellular partial pressures may alter the effective diffusion gradient from lipids to ambient air. Thus, whenever the storage pool is in the lipid phase, the rate constant of the pool is given as:
This equation indicates that for the monoterpene efflux from the lipid phase, the rate constant should be inversely proportional to monoterpenoid air/lipid-phase distribution coefficient. The estimates of P i /(C L,j K A/L ) for various monoterpenoids were determined from Loreto et al. [1998] after partitioning of the total leaf monoterpenoid pool size between the component pools by the dynamic emission model (equations (1) - (3)).
Estimation of Mesophyll Diffusion Conductances for Gas and Liquid Phases
[24] The gas-phase monoterpenoid conductance is dependent on the fraction of intercellular air space ( f ias , m 3 m À3 [Syvertsen et al., 1995; Terashima et al., 1995] ) and the monoterpenoid diffusion coefficient in the air (D A ) as:
where DL ias is the diffusion path length (m) in the gas phase, and V the diffusion path tortuosity (m m
À1
). Half of leaf thickness was used for DL ias (Table 2) , and an estimate of 1.57 m m À1 for V. The latter value is an average determined from measurements of leaf thickness and CO 2 mesophyll conductance in four woody thick-leaved species [Syvertsen et al., 1995] . This path length tortuosity is in a good agreement with anatomical measurements from leaf paradermal and transverse sections, that provided an average value for 8 species of 1.36 m m À1 [Terashima et al., 1995] . f ias was determined using available data on the size of mesophyll cells, and fraction of mesophyll in leaf crosssection. The shape of palisade and spongy mesophyll cells was approximated by a prolate spheroid in cell volume calculations (Table 2) .
[25] The liquid-phase pathway consists of cell wall, plasmalemma, cytosol, chloroplast envelope and chloroplast stroma, and the total conductance may be expressed as the inverse of the sum of the component serial resistances:
where g cw is the cell wall, g pl the plasmalemma, g ct the cytosol, g en the chloroplast envelope, and g st the chloroplast stroma conductance to monoterpene considered, and the ratio of mesophyll surface (A mes ) to projected leaf surface area (A) corrects for the actual area available for diffusion [Nobel, 1991] . Implicit in the use of A mes /A ratio to scale the conductances is the assumption that the cell wall, plasmalemma, and chloroplast exposed surface areas are essentially the same [Nobel, 1991] . A mes /A ratio was computed according to Nobel [1991] , using the available sizes of palisade and spongy mesophyll cells, and approximating the cell shape to a prolate spheroid. A mes /A calculations were corrected for the fraction of air space in the leaves. The cell wall, cytosol and stroma conductances were calculated as [cf. Tingey et al., 1991; Nobel, 1991, equation (8.19) ]:
) is the aqueous-phase monoterpene diffusion coefficient (Appendix A), DL i (m) is the diffusion path length, and p (m 3 m
À3
) is the effective porosity. Dimensionless coefficient r f accounts for the decrease of the diffusion conductance because of greater water viscosity and path length tortuosity in cytosol and in chloroplast stroma (r f = 1 for cell wall) than in pure water [Weisiger, 1998 ]. An estimate of r f of 0.294 for g ct and g st was obtained as the ratio of effective water self-diffusion coefficients in duck embryo and in chemically pure water [Weisiger, 1998 ]. Effective porosity, p, was taken as 1 for g ct or g st and 0.3 for cell walls. These are typical values for CO 2 liquid-phase diffusion [Nobel, 1991; Evans et al., 1994; Parkhurst, 1994] , but may be lower for larger molecules. In fact, the actual diffusion path tortuosity in the gas phase is likely larger for monoterpenoids with larger diffusion volume than that for CO 2 (equation (16)). The effective cell wall pore volume for monoterpenoids with an average molecular diameter of ca. 8 Å may also be less than that for CO 2 ($3 Å ). In particular, due to a greater number of dead ends in the cell wall matrix. The largest pore diameters range from 35 to 52 Å in mesophyll cell walls [Carpita et al., 1979] , but average pore sizes may be significantly less. Furthermore, we consider the monoterpene diffusion in intercellular air space and in cell walls as simple diffusion though free air or water, but air-phase passages between the neighboring cells as well as the pore diameters within the cell walls may be sufficiently small to increase the diffusion limitations via Knudsen diffusion [Leuning, 1983; Parkhurst, 1994] that results from additional collisions of diffusing molecules with the walls of the passage. Because of lacking detailed geometrical information of internal leaf architecture, such effects cannot currently be quantified, but we suggest that the resulting overestimation of monoterpenoid gas-and liquid-phase diffusion conductances is likely less than an order of magnitude.
[26] The rate of simple diffusion across a cell membrane is limited by the movement of the molecule from the aqueous environment outside or inside the cell into the membrane lipid bilayer. Therefore, transport rates for specific compounds are proportional to the lipid solubilities of these compounds. Thus, plasmalemma permeability to monoterpenes may be expressed as:
) is the monoterpene diffusion coefficient in the plasmalemma, DL i (m) is the plasmalemma thickness, and K pl/w is the monoterpene plasmalemma to water partition coefficient. K pl/w is the ratio of monoterpene concentration in the plasmalemma to the concentration in equilibrium outside in the water phase [Nobel, 1991] . Chloroplast envelope permeability, g en , may be expressed in an analogous manner. For various monoterpenoids, we calculated g pl and g en from the correlation between experimentally determined permeabilities of mesophyll cell plasmalemma and chloroplast envelope [Gimmler et al., 1981; Daeter and Hartung, 1993] versus the compound diffusion volume (V M , cm 3 mol À1 , Appendix A) and octanol/water partition coefficients (K o/w ). Because the original studies reported estimates of g pl and g en in relation to octanol to assay medium partition coefficient (K o/m ), a correlation between literature estimates of K o/w and K o/m was used to compute g pl and g en from K o/w :
and
(r 2 = 0.86 for g pl and r 2 = 0.89 for g en ). Data of Gimmler et al. [1981] , and these equations predict that the permeability of chloroplast envelope is one to two orders of magnitude greater than that of the plasmalemma. However, it is unclear how these calculations account for the aquaporin conductance that may dramatically increase membrane permeability for water and other relatively small molecules [Maurel, 1997] .
Lipid-Phase Diffusion Conductance
[27] The lipid-phase diffusion conductance from the lipid pool to substomatal cavities, G L , depends on the monoterpenoid diffusion in the lipid phase, but also [Grossoni et al., 1998; Paoletti, 1998 ] Diffusion path length in the cytosol DL ct (m) 9.7 Á 10 À8 [Paoletti, 1998 ] Diffusion path length in the chloroplast stroma c DL st (m)
1.65 Á 10 À6 [Paoletti, 1998] a An average value was calculated for variables with multiple estimates. b Calculated from measurements in Q. coccifera, and assuming that lipid density is 0.9 g cm À3 [Büscher, 1960] . c Half of the chloroplast side-length perpendicular to the cell-wall.
involves the diffusion through aqueous and gas phases (equation (9)):
) is the effective monoterpenoid diffusion coefficient in the lipid phase, and DL L the effective diffusion path length. The first part of equation (22) describes the monoterpene diffusion through the lipid phase, whereas the second and third components characterize the diffusion through aqueous and gas phases that separate the lipid pool from the substomatal cavities. Octanol/water partition coefficient converts the liquid-phase conductances to equivalent lipid-phase conductances. Like in equation (14), we assume that K o/w provides an estimate of monoterpenoid partitioning between leaf lipid and water fractions. Equation (22) essentially indicates that with increasing K o/w , the effective monoterpenoid pool in the hydrophobic environment becomes larger.
[28] The length of the diffusion pathway through cell water (equation (17)) depends on the location of the lipid-phase storage pool. For example, if the monoterpenoids are stored in thylakoid membranes, the diffusion pathway includes all components of equation (17). For the cuticle, the aqueousphase pathway may be through the cell walls only or may be entirely missing. In the following calculations we consider the longest aqueous-phase pathway, i.e., the monoterpenoid storage in the inner membranes of cell organelles.
[29] Although the information of monoterpenoid mobility in cell organelle membranes is not available, estimates of D L may be obtained from plasmalemma and chloroplast envelope permeabilities and plasmalemma (K pl/w ) and chloroplast envelope (K en/w ) to water partition coefficients as g pl /K pl/w and g en /K en/w divided by half-membrane thickness (equation (19)). Again, monoterpenoid octanol to water partition coefficients were used as substitutes of K pl/w and K en/w . Considering further that plasmalemma thickness is ca. 100 Å [Falk and Stocking, 1976] and the total thickness of two chloroplast envelope membranes ca. 140 Å [Falk and Stocking, 1976; Heber and Heldt, 1981] , estimates of D L range from (2.1 -2.6) Á 10 À15 m 2 s À1 for the chloroplast membranes, and (2.6 -3) Á 10 À16 m 2 s À1 for the plasmalemma. ). For hydrophobic compounds D C at 25°C is given as [Schönherr and Baur, 1994; Schreiber et al., 1996] :
where V S is the Schroeder's molar volume [Nelken, 1990] calculated in a similar manner as V M in equations (20) - (21), D 0 is the diffusion coefficient for a hypothetical molecule with V S = 0, and the empirical parameter b (mol cm
À3
) describes the sensitivity of D C to V M . Equation (23) and b = 0.036 mol cm À3 for a set of compounds mainly consisting of a variety of long-chained aliphatic molecules, but including isoprenoids abscisic acid and cholesterol [Schreiber et al., 1996] . The original parameterization of Schreiber et al. [1996] provides D C values of 4.74 Á 10 À16 m 2 s À1 for a-pinene and 3.37 Á 10 À16 m 2 s À1 for limonene.
[31] The effective diffusion path length for the lipid phase may widely vary depending on the site of diffusion, extending from ca. 50 -70 Å for the plasmalemma and envelope membranes of cell organelles to more than 2000 Å in stacked thylakoid membranes [Weier et al., 1967] as well as in the cuticle. Although the thylakoid membranes in grana are separated by aqueous layers [Weier et al., 1967] , and the thickness of each membrane is on the order of 85-100 Å , the diffusion through the unstirred aqueous layers may often be the rate-limiting step in membrane diffusion, such that the effective diffusion path length through the membrane is considerably longer [Nobel, 1991] . We used a conservative estimate of 200 Å for DL L , assuming that most of the terpene efflux from the lipid pool is associated with plasmalemma and chloroplast envelope membranes.
Results
Parameters of the Dynamic Monoterpene Emission Model
[32] In Q. ilex, fitting of dynamic emission patterns by two time constants provided generally good correspondence with the data (Figures 3a and 3b) . Among various monoterpenoids, the time constant of the ''fast'' pool, k 1 , was one to three orders of magnitude larger than the time-constant of the ''slow'' pool (equations (1) -(3)(3); Table 3 ). The time constants were not correlated (r 2 = 0.01, P > 0.9), suggesting that the two pools may be physically separated in the leaf. Although the time constants of the pools derived from the actual leaf emission measurements in Q. ilex (data of Loreto et al. [1996a] ) differed somewhat from those determined using monoterpene efflux data in fumigated leaves of the nonemitting species Q. suber (data of Delfine et al. [2000] ), various estimates of k 1 (r 2 = 0.94, P < 0.03 for the linear regression with the four monoterpenoids available in both studies), and k 2 (r 2 = 0.80, P < 0.10) were correlated. Thus, terpene efflux measurements from the fumigated leaves of a species not synthesizing monoterpenoids further confirm the suggestion that there are two nonspecific foliar monoterpenoid storage pools of varying kinetics.
[33] The half-time of the ''fast'' pool, t 1 , varied 3.5-fold for the nine monoterpenoids in Q. ilex, but the half-time of the ''slow'' pool, t 2 , varied more than 30-fold (Table 3 ). The fractional allocation of synthesized monoterpenoids to the ''fast'' pool, h, also varied, but only 1.4-fold.
[34] The significance of varying the time constants k 1 and k 2 as well as the allocation between various monoterpenoids is demonstrated in Figure 4 . Modification of the decay kinetic of the ''fast'' pool may strongly affect the initial response of the emission rate to rapid changes in environmental variables, e.g., to changes in light intensity (Figures 4a and 4b) . Dynamics of the ''slow'' pool primarily determines the time required for the flux to reach a steady state with a given monoterpenoid synthesis rate, but also affects the leaf response to more gradual changes in environmental variables (Figures 4c and 4d) .
[35] Variation in h that determines the relative importance of the ''fast'' and ''slow'' pool dynamics has a major influence on the emission patterns (Figures 4e and 4f) . Although h varied little between various monoterpenoids (Table 3) , even such a limited variability may have dominant effects on the monoterpenoid emission dynamics.
Correspondence Between Estimated and Measured Storage Pool Sizes
[36] Loreto et al.
[1998] provides estimates of monoterpenoid pool sizes after 60 min. of continuous leaf illumination. These pool sizes compare well with our model assessments calculated using the time constants of specific monoterpenoids (Figure 5a, Table 3 ), thereby providing an independent verification of our model.
[37] Because the system is far from being in a steady state, the exact time period is essential for the comparison. We observed the best correspondence (Figure 5a ) with model estimates at t = 30 min. rather that at t = 60 min. used in the experiments of Loreto et al. [1998] . However, the total monoterpenoid emission rate in the study used for model parameterization [Loreto et al., 1996a] was 9.4 nmol m À2 s
À1
, but was 4.5 nmol m À2 s À1 by Loreto et al. [1998] . Therefore, we conclude that roughly two-fold larger pool size predicted by the model is attributable to study-to-study differences in the monoterpenoid synthesis rate (equation (2)).
[38] The correlation in Figure 5a is not only the outcome of differing monoterpenoid physico-chemical characteristics, but the storage pool size depends on the synthesis rate of specific monoterpenoid as well. Thus, species-specific activities of monoterpenoid synthases also control the pool sizes of various monoterpenoids. To distinguish between the monoterpene physico-chemical characteristics and inherent differences in the emission spectrum, we calculated the steady-state pool sizes for a constant monoterpenoid synthesis rate (Figure 5b ). This plot demonstrates that the potential storage pool size is not related to the rate constant k 1 , but is primarily governed by the rate constant k 2 . Accordingly, the dynamics of the ''slow'' pool primarily influences the monoterpene emission from darkened leaves in a long term. The large steady-state pool sizes are in accord with measured monoterpenoid contents in Q. ilex leaves that were fumigated with high air concentrations of various monoterpenoids (Figure 5b ) (data of Delfine et al. [2000] ). Furthermore, leaf fumigation with monoterpenoids with constant air-phase mixing ratios yielded pool sizes that are in a good accordance with simulated steady-state values (Figure 5b ), providing evidence that monoterpenoid physico-chemical characteristics strongly control the pool size.
Changes in the Fractional Composition of Emitted Monoterpenoids
[39] Apart from the progressive decline in terpene emission rates in darkened leaves and after termination of fumigation, the fractional composition of emitted monoterpenoids was also temporarily altered. The fractional contribution to total emission of monoterpenoids with a relatively high k 1 decreased (a-pinene in Figure 6 ), while that of compounds with lower k 1 (myrcene and cis-bocimene in Figure 6 ) increased, and that of compounds with intermediate k 1 was relatively constant (b-pinene in Figure 6 ). This temporal change of the composition of emitted monoterpenoids is consistent with differences in the decay kinetics of the ''fast'' pool.
[40] Simulations further demonstrated that modification of the fractional composition of the emitted monoterpenoids also occurs in response to rapid changes in environmental factors that alter the rate of monoterpenoid synthesis (I, Figure 7 ). Contrary to emission responses after cessation of monoterpenoid synthesis rate (Figure 6 ), rapid increases in monoterpenoid synthesis rate lead to a larger fraction of compounds with high k 1 (Figure 7b ). This is because the steady-state flux rate is achieved faster (Figure 7a) , and the same flux rate can be maintained with a lower pool size in these monoterpenoid species. Again, a rapid decline in the rate of monoterpene synthesis affected less strongly the compounds with a lower k 1 (cis-b-ocimene, myrcene), because the nonspecific storage pools accumulated during the period of a constant rate of synthesis were larger for these compounds (Figures 7c and 7d) .
Scaling the Results to a Canopy Level
[41] A comparison of the dynamic model with the steadystate emission algorithms indicated that inclusion of the nonspecific storage effects can significantly improve the existing monoterpenoid emission models. Importantly, current emission models do not allow simulation of night emissions from the foliage of Mediterranean Quercus species [e.g., Niinemets et al., 2002a ] that can successfully be described by the dynamic model (Figure 8 ). Although the steady-state emission model employing the correlation between monoterpene emission and photosynthetic electron transport rate (ETR-model [Niinemets et al., 2002c] ) gave (1) - (3)) was parameterized using the measurements of Loreto et al. [1996a] . The data were fitted to the entire experiment, which included an 80-min leaf illumination period, followed by an 80-min dark period. Total storage pool size (S T ) was estimated by integrating the monoterpene fluxes after leaf darkening.
b In addition to the monoterpenoids depicted, five other monoterpenoids were emitted in significant quantities after leaf darkening [Loreto et al., 1996a] .
the same daily integrated monoterpene flux as the model version with nonspecific storage pools, the steady-state model overestimated peak fluxes compared to the dynamic model and Guenther et al. algorithm [Guenther et al., 1993] that uses fixed temperature and light functions to describe the effect of environmental variables on monoterpenoid emission. However, because of missing nighttime emission rates, the Guenther et al. model underestimated the total daily emission rates. Thus, these simulation results further underscore the importance of the dynamic description of monoterpenoid emission rates in Mediterranean Quercus species.
Linking the Storage Characteristics to Monoterpenoid Physico-Chemical Variables
[42] The half-time of the ''fast'' pool (t 1 ) was negatively correlated with the Henry's law constant (H, Figure 9a ), but t 1 was independent of monoterpenoid octanol to water partition coefficient (K o/w , Figure 9b ). Given that a negative relationship between H and storage pool half-time is Figure 4 . Sensitivity of the dynamics of monoterpene emission rate to changes in the decay constants k 1 (''fast'' storage pool, A) and k 2 (''slow'' storage pool, C), and to changes in the fraction (h) of synthesized monoterpenoids going into the ''fast'' storage pool (E, equations (1) - (3)); and corresponding modifications in the total monoterpenoid storage pool size (B, D, F). The default parameter values (solid line) of k 1 = 2.46 Á 10 À3 s
À1
, k 2 = 9.62 Á 10 À5 s À1 (actual values for the total emission rate, Table 3 ) and h = 0.5 were changed by À75, À50, 25, 50 and 100% as indicated in the figure. expected for monoterpenoid diffusion from leaf liquid phase (equation (12)), these relationships provide correlative evidence that the monoterpenoid ''fast'' pool is in the leaf liquid phase.
[43] The half-time of the ''slow'' pool (t 2 ) was independent of H (Figure 9c) , and was positively related to K o/w (Figure 9d ), suggesting that the ''slow'' pool stems from leaf lipid phase (equation (15) and equation (22)). Association of the ''slow'' pool with leaf hydrophobic regions is further supported by a negative correlation between K o/w and the fraction of monoterpenoid going into the ''fast'' (aqueous) pool (h, Figure 9f ).
Empirical Versus Theoretical Mesophyll Transfer Conductances
[44] The observed correlations ( Figure 9 ) suggest a biophysical control on monoterpenoid emissions, with Henry's constant and K o/w as the most important parameters. Using the information of the likely location of nonspecific storage pools and using the classic diffusion theory, allows to link the rate constant k 1 to the mesophyll transfer conductance from the site of monoterpene synthesis and/or storage to the substomatal cavities (G M , equation (12)), and the rate constant k 2 to the diffusion conductance from the lipid phase to substomatal cavities (equation (15)).
[45] The mesophyll diffusion conductance determined from k 1 was positively correlated with both the derived (equations (16)- (21)) liquid-phase (Figure 10a ) and gas-phase ( Figure  10b ) conductance components of the total mesophyll diffusion conductance (Figure 10c) . The estimates of G M obtained from the time-constant of the ''slow'' pool were independent of the theoretical estimates (r 2 = 0.04, P > 0.5).
[46] Simulations indicated that the negative relationship between the half-time of the fast pool and Henry's law constant (Figure 9a ) can be parameterized only when both the liquid-and gas-phase components of G M are separately (1) - (3), Table 3 ), whereas the leaf monoterpene contents were measured after 60 min of light exposure [Loreto et al., 1998 ]. In B, the steady-state pool size was computed (filled and open circles) taking the rate of synthesis for each monoterpenoid equal to 2 nmol m À2 s
À1
, and fixing the fraction of synthesized monoterpenoids going into the ''fast'' pool (h) at 0.85. In addition, the observed pool sizes in leaves of Q. ilex fumigated with high ambient air monoterpene concentrations (triangles, data of Delfine et al. [2000] ) are also shown. Figure 6 . Measured [Loreto et al., 1996a] and simulated (equations (1) -(3), Table 3 ) changes in the fractional composition of emitted monoterpenoids in Q. ilex during leaf illumination (0 min t 80 min) and darkening (t > 80 min). The same time-course as in Figure 3a. fitted ( Figure 11 ) further suggesting that the emission from the fast pool is affected by the diffusion in both the liquid and gas phases. The model fits of t 1 versus H relationship demonstrated that it is hyperbolic as expected according to equation (12) rather than linear (cf. Figures 9a and 11) . However, the magnitude of G M values derived from k 1 cannot be explained by the detailed diffusion model. The theoretical model predicted that the conductances should be 10 3 -10 4 -fold higher than estimated from the data. Thus, the internal resistances appear to be much larger than expected based on our one-dimensional diffusion model.
[47] We also observed a strong correlation between the theoretical and experimental estimates of the lipid-phase conductance (G L ) when the experimental estimate of G L was derived from the time constant of the ''slow'' pool ( Figure 12) . The estimate of G L determined from the time constant of the ''fast'' pool was not related to the theoretical G L estimate (r 2 = 0.04, P > 0.5), again confirming the hypothesis that the ''slow'' pool is associated with the lipid phase.
[48] Similarly to the estimate of G M derived from k 1 , G L determined from k 2 was 10 2 -10 3 -fold lower than the conductance calculated using Q. ilex leaf structural and monoterpenoid physico-chemical characteristics (equation (22)).
Discussion
Phenomenological Description of the Emission From the Storage Pools
[49] Although Mediterranean monoterpene-emitting Quercus species do not possess specialized terpene-storage compartments in the leaves, direct measurements of leaf monoterpene contents [Loreto et al., 1998 [Loreto et al., , 2000 Delfine et al., 2000] indicate that there is a nonspecific foliar monoterpenoid pool, emission from which may significantly alter the emission dynamics in these species. Thus, relevant timelags may exist between the synthesis and emission of monoterpenoids also in species lacking monoterpenoid storage tissues in the leaves [Loreto et al., 1996a; Ciccioli et al., 1997] .
[50] We constructed a phenomenological emission model (equations (1) -(3), Figure 2 ) to explore the extent to which nonspecific monoterpenoid storage may alter the relationship between monoterpene production in the chloroplasts and emission through the stomata. Based on the empirical evi- Figure 7 . Simulated (equations (1) -(2b), Table 3 ) changes in monoterpenoid emission rate (A, C) and fractional composition (B, D) in response to rapid changes in monoterpenoid synthesis rate (I). At time t = 0, I was changed from 0 to 2.5 nmol m À2 s
À1
, and at t = 100 min (shown by the arrow), I was either increased to 7.5 nmol m À2 s À1 (A, B) or decreased to 1 nmol m À2 s À1 (C, D) for all monoterpenoids. The initial storage pool sizes were zero at t = 0. In the steady-state, all monoterpenoids are emitted with a rate of 0.25 times the total rate. dence that a single-exponential decay model provided poor, but double-exponential decay model excellent fits to the data (Figure 1) , we divided the nonspecific monoterpene storage between two pools of differing decay constants. In addition to this experimental evidence, existence of at least two kinetically different monoterpenoid storage pools is also supported by 13 C-labeling and unlabeling studies in Q. ilex [Loreto et al., 2000] and Helianthus annuus [Heiden et al., 1999] .
[51] Sensitivity analyses demonstrated (Figure 4 ) that the nonspecific monoterpenoid storage significantly alters the emission dynamics in Mediterranean Quercus species. In fact, our simulations suggest that in natural conditions with strongly fluctuating environmental factors, monoterpene emission rates are never in a steady state. Although the rates of isoprenoid synthesis may be regulated very rapidly after light or temperature changes [Singsaas et al., 1999; Logan et al., 2000] , the responses of emission rates to alterations in environmental factors are inherently constrained because of the storage phenomena. According to the simulations, such effects may importantly alter not only leaf-level monoterpene fluxes, but also strongly modify the dynamics of whole-canopy monoterpenoid flux (Figure 8 ).
[52] An important consequence of the nonspecific storage is the existence of nighttime emission fluxes of monoterpenoids. Such emissions have been observed in cuvette measurements in the field [Niinemets et al., 2002a] . Unfortunately, canopy scale flux measurements are generally conducted only at daytime [Moncrieff et al., 1997; Valentini et al., 1997; Fuentes et al., 2000] , because the night fluxes are assumed to be zero, but also because of other difficulties associated with nighttime measurements like advection [Lee, 1998; Aubinet et al., 2000] . Nevertheless, there is evidence of high atmospheric monoterpene mixing ratios at night in broad-leaved deciduous forests [Fuentes et al., 1996] , and we plead that future canopyscale flux measurements are conducted over the entire daily time-course. Alternatively, nighttime leaf-level cuvette measurements or model estimations may be scaled to the canopy level, and used as a substitute of canopy level flux measurements. Using modeled rather than measured fluxes to correct for nighttime advection and ecosystem storage effects is a general praxis in large-scale carbon flux measurements [Aubinet et al., 2000] .
[53] It is tempting to use simple monoterpenoid emission algorithms that are driven only by incident light and leaf temperature and that assume that the rates of monoterpenoid production and emission are equal Ciccioli et al., 1997; Niinemets et al., 2002c] . Because most of the nonspecific monoterpene storage is in the ''fast'' pool, these models may easily be parameterized to successfully simulate daily mean monoterpenoid emission flux. Furthermore, there are multiple problems associated with reliable large-scale monoterpene flux measurements [Fuentes et al., 2000] , and it may be disputed whether inclusion of further details can significantly improve the correspondence between measured and modeled canopylevel flux data. However, it is important to recognize that all steady-state algorithms will produce biased estimates after any change in environmental factors. Although the time-resolution of current eddy-accumulation flux measurements is relatively low, the half-times of the ''slow'' storage pools are on the order of hours. Thus, even for the available stand-level estimates, improved agreement between measured and simulated daily time-courses of monoterpene emission may be achieved by including the nonspecific storage effects into the emission algorithms (Figure 8) .
[54] Previously, Schuh et al. [1997] have used the original Guenther et al. isoprene emission algorithm [Guenther et al., 1993] to simulate the monoterpenoid emission during the daytime, and coupled the emission to temperature only at nighttime to describe the efflux from nonspecific storage pools in Fagus sylvatica and Helianthus annuus. However, it is important to recognize that whenever there is some monoterpenoid accumulation in the leaves, it may effectively untie the emission from synthesis also in illuminated leaves (Figures 4, 7, and 8 ).
What is the Capacity of Foliar Nonspecific Storage Pools?
[55] The leaves of Q. ilex have significant monoterpene contents even after 11 h of darkness [Loreto et al., 2000] . [Guenther et al., 1993 ] scales the emission rates to different leaf temperatures and incident quantum flux densities using an empirical algorithm, whereas the correlation between the rates of photosynthetic electron transport and monoterpene emission are employed in the ETR model [Niinemets et al., 2002c] . In the original Guenther et al. and ETR-models, synthesized monoterpenoids are immediately emitted, whereas in the ETR model version with nonspecific storage pools, the monoterpenoids synthesized with a rate I, are emitted according to the dynamics described by equations (1) -(3) (Figure 2) . The rate constants k 1 and k 2 were adjusted to the ambient temperature by a Q 10 (the value of the rate constant at a temperature of T + 10°C to the rate at T) of 2.5 [Niinemets et al., 2002a ] (Reichstein et al., submitted manuscript, 2002 .
Similarly, monoterpene-fumigated leaves of nonemitting species Q. suber contain detectable amounts of monoterpenes 12 h after fumigation [Delfine et al., 2000] . Longterm experiments further indicate that 13 C-labeled monoterpenoids are emitted from the leaves of Helianthus annuus more than 500 h after labeling [Heiden et al., 1999] . Thus, monoterpenoid storage effects may even affect day-to-day emission dynamics, especially when the Figure 9 . Correlation of the half-times of the ''fast'' (t 1 , A, B) and the ''slow'' (t 2 , C, D) monoterpenoid storage pools and the fraction of terpenes going into ''fast'' pool (h, E, F) with the monoterpenoid Henry's law constant (A, C, E), and octanol -water partitioning coefficient (B, D, F). The parameters of the dynamic monoterpene emission model (equations (1) -(4), Table 3 ) for Q. ilex were derived from Loreto et al. [1996a] . The data are fitted by linear regressions. Nonsignificant relationships are shown by punctuated lines. H was calculated for 30°C as described in Appendix A. environmental conditions differ between the days. We have previously provided evidence that on warm days that follow cool days, monoterpenoid emission from the leaves of Q. ilex is larger than predicted assuming a constant emission versus temperature response function for all days [Niinemets et al., 2002a [Niinemets et al., , 2002c . This discrepancy from model prediction was assumed to arise from monoterpenoid accumulation in cold days and emission in subsequent warmer days. Parameterization and assessment of the significance of such long-term storage influences requires knowledge of potential monoterpenoid pool sizes.
[56] The steady-state pool sizes calculated by our model (Figure 5b ) are large enough to explain long-term storage effects on monoterpenoid emission kinetics. However, are these pool sizes realistic? Our simulations suggested that monoterpenoid pool sizes measured in leaves after a certain period of continuous light (Figure 5a ) [Loreto et al., 1998 [Loreto et al., , 2000 are far from being in a steady state (Figure 5b) . Nevertheless, monoterpene-fumigation experiments resulted in leaf monoterpene contents that closely approached the steady-state pool sizes calculated by our model in both monoterpene nonemitting species Q. suber and emitting species Q. ilex (Figure 5b ) [Delfine et al., 2000] . In light of these large pool sizes, we conclude that monoterpenoid storage may significantly alter long-term monoterpenoid emission dynamics. Existence of a long-term storage suggests that part of the variation in monoterpene emission rates in standardized conditions (''basal monoterpene emission factor'') observed in recent studies in response to dayto-day fluctuations in leaf temperature [Staudt and Bertin, 1998; Staudt et al., 2000] may partly result from the monoterpenoid storage effects.
[57] Our study along with the results of Delfine et al. [2000] further implies that nonspecific monoterpenoid storage effects may also occur in nonemitting species growing intermixed with the emitting species. Monoterpene uptake from ambient air, and emission in trace quantities may partly explain the contrasting literature observations of the potentials of certain species for monoterpene ''production'' [Benjamin et al., 1997; Owen et al., 1997] . Furthermore, the possibility that nonemitting species may form a terpene sink in situations with high air monoterpene mixing ratios, and be a source when the atmospheric monoterpene concentrations are low, suggests that the nonspecific storage effects may more importantly alter ecosystem monoterpene fluxes than they alter leaf level fluxes.
Changes in Emission Compositions Due to Storage Effects
[58] According to 13 C-labeling experiments, monoterpenoid labeling time-course may differ between various monoterpenoids [Loreto et al., 1996a] . Loreto et al. [1996a] suggested that such differences in labeling may be indicative of interconversion between various monoterpenoids, differing regulation of synthesis rates, or of variation in monoterpenoid gas-to liquid-phase partitioning characteristics. Our simulations indicated that the monoterpenoid differences in storage characteristics (Table 3) may largely explain the differences in emission kinetics (Figures 7a and 7c) . Furthermore, different time-courses of emission also bring along important temporal modifications in the fractional composition of emitted monoterpenoids (Figures 6, 7b, and 7d) . Changes in the composition of emitted monoterpenoids have frequently been observed during the day, especially in species with extensive monoterpene storage pools [Adams and Hagerman, 1977; Staudt et al., 1997 Staudt et al., , 2000 Geron et al., 2000] . In these species, the fractional composition of emitted monoterpenes can be Figure 10 . Comparison of the monoterpenoid mesophyll transfer conductances from the site of storage to substomatal cavities (G M ) derived from the rate constant of the ''fast'' monoterpenoid storage pool (k 1 , equation (12), Table 3 ) with the mesophyll transfer conductances determined from leaf structural characteristics (equations (16) - (17), Table 2 ). The experimental conductance estimates are given in relation to (A) liquid-phase conductance from chloroplasts to outer surface of cell walls (g L ), (B) gasphase conductance from outer surface of cell walls to substomatal cavities, and (C) the total mesophyll conductance from chloroplasts to substomatal cavities (G M , equation (9)). Because G M is a liquid-phase conductance, the gas-phase conductance in B was converted to a liquid-phase equivalent conductance, g ias H/(RT), where H is the Henry's law constant, R is the gas constant, and T is the absolute temperature. The relationships were fitted by linear regressions.
different from the composition of immediately synthesized and stored monoterpenoids, but the explanations for such modifications have been lacking so far.
[59] Apart from light and temperature, which are the primary drivers controlling monoterpene synthesis, decreases in air humidity may also moderately decrease monoterpene emission rate [Guenther et al., 1991; Loreto et al., 1996a Loreto et al., , 1996c ], but it is not clear how. The humidity may even more strongly control the composition of the emitted monoterpenoids than the emission rates. For example, Loreto et al. [1996a] observed in Q. ilex an increase in cis-b-ocimene emission relative to a-pinene emission after a decrease in cuvette air humidity. According to our simulations (Figures 7c and 7d ) such an effect would be expected after a moderate decline in monoterpene synthesis rate. Of course, selective regulation of specific monoterpene synthases triggered by changes in stomatal conductance [Niinemets et al., 2002b] may further modify the monoterpene compositions.
[60] Various monoterpenoids largely differ with respect to the gas-phase rate coefficients for reaction with ozone and hydroxyl radicals [Fehsenfeld et al., 1992; Guenther et al., 1994] , e.g., both these rate constants are an order of magnitude larger for cis-b-ocimene than for a-pinene [Calogirou et al., 1996; Howard and Meylan, 1997] . Thus, simulations of atmospheric reactivity require not only accurate description of total monoterpenoid fluxes, but also the fractional compositions of emitted monoterpenoids (Figure 7) . Because of the importance of reliable description of monoterpenoid composition, species-specific emission patterns along with species abundance estimates have been employed to describe large-scale variabilities in the emission composition . We suggest that dynamic monoterpenoid emission models have a large potential to further improve the predictions of emission compositions.
Correlations Between the Pool Time Constants and Monoterpenoid Physico-Chemical Characteristics
[61] Plant volatile isoprenoids form a chemically divergent group of compounds including aliphatic and cyclic hydrocarbons, alcohols, aldehydes, and ketones that have widely differing physico-chemical characteristics such as diffusion coefficients in air and water, solubilities in water and lipids, as well as saturated vapor pressures (Table 1) . Moreover, there is also a significant variation among structurally similar compounds such as monoterpene hydrocarbons. This is important, because the key physico-chemical characteristics may strongly affect the monoterpenoid diffusion flux from the site of synthesis to the ambient air in non-steady-state conditions. Tingey et al. [1991] have previously developed a monoterpene emission model based on monoterpenoid physico-chemical variables. However, application of such models is currently seriously hampered by the lack of relevant monoterpene physico-chemical variables.
[62] The mechanistic flow/conductance model (equations (5) -(15)) indicated that monoterpenoid diffusion coefficients in air-, water, and lipids, and equilibrium air to water Figure 11 . Relationship between the half-time of the ''fast'' pool and the monoterpenoid Henry's law constant. The solid line indicates the best fit to the data according to equation (12) (g L = 2.82 Á 10 À7 m s À1 , g ias = 4.32 Á 10 À7 m s À1 ). Also shown are hypothetical relationships with either g ias or g L set at an average value determined from leaf anatomical characteristics (equations (16) - (17)), while fitting the other component of total mesophyll transfer conductance from chloroplasts to substomatal cavities (equation (9) Table 3 ), and the conductance (equation (22)) calculated using the structural characteristics of Q. ilex leaves (Table 2) and monoterpenoid lipid-phase diffusion coefficients determined from chloroplast membrane permeability.
(Henry's law constant) and lipid to water partition coefficients are the primary physico-chemical variables required to associate the kinetic constants of our phenomenological model to leaf structure and monoterpenoid characteristics. We determined the diffusion coefficients using quantitative structure/property relationships (equation (23), Appendix A). For the partition coefficients, we gave preference to experimentally determined values, because of large errors associated with prediction of these characteristics from correlative relationships [Grain, 1990b; Fichan et al., 1999] , and because these methods do not allow to distinguish between structurally related compounds.
[63] For specific monoterpenoids (Appendix A), there were also large study-to-study variabilities in the experimental estimates of solubility and vapor pressure that were required to calculate Henry's law constant (H, equation (8)). Given that the experimental estimation of low-temperature monoterpenoid vapor pressures ranging from 3 to 600 Pa at 25°C (Table 1) is inherently imprecise, we critically reviewed a large amount of data sources and calculated vapor pressures for specific temperatures using the Antoine equations (equation (A5)) derived from the data (Appendix A). Although monoterpenoid aqueous solubility estimates were also determined from an extensive set of data sources, determination of solubility limits of sparingly soluble organics is particularly complicated, because of adsorption of chemicals onto glassware, and formation of colloidal aggregates in the saturated solutions [McAuliffe, 1969; Mackay and Shiu, 1981; Staudinger and Roberts, 1996] . Thus, the vapor pressures revised in the current study are likely more reliable than the aqueous solubilities (Table 1 , Appendix A). Nevertheless, we suggest that the critical revision of both vapor pressures and aqueous solubilities allowed us to obtain best achievable estimates of Henry's law constant (Table 1) .
[64] We observed a negative correlation between the halftime of the ''fast'' pool and H (Figure 9a) , and a positive correlation between the half-time of the ''slow'' pool and octanol to water partition coefficient (K o/w , Figure 9d ). Given also that the fraction of monoterpenoids going into the ''fast'' pool was negatively related to K o/w (Figure 9f) we suggested that the ''fast'' pool is in the aqueous phase, and the ''slow'' pool is in the leaf lipid phase. Linking the kinetic constants of the phenomenological emission model to the conductances of the mechanistic flow/conductance diffusion model (equations (12) and (15)) yielded also good correlations between the theoretical and empirical conductance estimates ( Figures  10 -12 ) further supporting our hypotheses of the location of the pools.
[65] Although there were significant discrepancies between the magnitude of the empirical and theoretical conductance estimates (Figures 10-12) , the obtained correlations (Figures 9a and 9d ) may still be employed to gain insight into the possible range of variation of the pool half-times and make inferences of the significance of nonspecific storage phenomena for various monoterpenoids, physico-chemical characteristics of which widely vary (Table 1) . For the nine monoterpenoids used for model parameterization (Table 3) , the range of the half-times of the ''fast'' pool (t 1 ) varied from 0.0652 to 0.228 h, whereas that of the ''slow'' pool (t 2 ) varied from 1.26 to 47.6 h. For the 22 monoterpenoids emitted by Q. ilex, the hyperbolic relationship of t 1 versus H in Figure 11 , and linear regression of t 2 versus K o/w in Figure 9d , provided a range of 0.07-10.4 h for t 1 , and 0.66 -42.3 h for t 2 , further indicating that monoterpenoid physico-chemical characteristics significantly alter the emission kinetics of various plant volatiles.
[66] The range of t 1 obtained by regression analysis is beyond our measurements, and should be interpreted with caution. These high values of t 1 were predicted for compounds with relatively low H-camphor, 1,8-cineole, linalool and a-terpineol (Table 1) . Nevertheless, high liquid-pool half-times in these compounds are also corroborated by experimental studies [Loreto et al., 1996a; Niinemets et al., 2002b] as well as by model simulations [Niinemets et al., 2002b] . In fact, these compounds also have low K o/w , suggesting that nonspecific storage pool essentially resides in the liquid-pool, and that the diffusion flux from the lipid phase insignificantly contributes to the emission.
[67] We only investigated the monoterpenoids emitted by Q. ilex, but this species also emits a sesquiterpene-caryophyllene-in low quantities, especially at higher temperatures [Staudt and Bertin, 1998 ]. Sesquiterpenes are emitted by many other plant species as well [Ciccioli et al., 1999; Hansen and Seufert, 1999; Heiden et al., 1999] . Given that sesquiterpenes have considerably lower vapor pressures and are more hydrophobic than monoterpenes [Ciccioli et al., 1999] , we expect for sesquiterpenes even larger half-times for the liquid and lipid pools.
Terpene Efflux Rates Continue Longer than Predicted by the Theoretical Diffusion Model
[68] Although the theoretical calculations of mesophyll diffusion conductance (equations (5) - (22)) have been demonstrated to provide realistic estimates of CO 2 diffusion conductance in Q. ilex [Niinemets et al., 2002b] , they significantly overestimated the actual time constants of the volatile pools (Figures 10-12 ). Possible sources for this overestimation may be: (1) contribution of newly synthesized monoterpenoids to emission fluxes that were assumed to originate from the storage only, e.g., after leaf darkening; (2) inaccuracies associated with physico-chemical characteristics of monoterpenoids; (3) errors in the estimates of theoretical diffusion conductances; (4) missing consideration of certain physico-chemical processes that affect diffusion, e.g. monoterpenoid adsorption/desorption.
[69] The derivations of the time constants of nonspecific storage pools assumed that monoterpenoid synthesis completely stops in the darkness. Yet, it cannot currently entirely be ruled out that some monoterpenoid synthesis continues after leaf darkening [Loreto et al., 2000; Shao et al., 2001] . De novo monoterpene synthesis increases the apparent halftimes of the storage pools, and may partly explain the discrepancies between observations and theoretical calculations. Nevertheless, there is currently no conclusive evidence that the monoterpenoid synthesis does continue in the dark. Both 13 C labeling experiments [Heiden et al., 1999; Loreto et al., 2000] and the emission kinetics in the monoterpene-fumigated leaves of Q. suber-a species that lacks monoterpene synthesis [Delfine et al., 2000] -all indicate that terpene efflux may continue longer than 10 h at the expense of existing monoterpene pools. Furthermore, there should be no correlations between the pool-half times and monoterpenoid physico-chemical characteristics (Figure 9) when the major fraction of emitted monoterpenoids comes from de novo synthesis. Thus, we consider the possible de novo synthesis as an unlikely explanation for these discrepancies.
[70] Although we believe that we have obtained the best achievable set of physico-chemical variables of monoterpenoids, some discrepancies certainly arise from errors in these characteristics. Apart from the uncertainties discussed above, literature estimates of water solubility (d) and octanol/water partition coefficient (K o/w ) were available for 25°C, but the laboratory emission measurements were conducted at 30°C. We scaled the Henry's law constant to various temperatures as the ratio of vapor pressure (equations (A5) and (A6)) to d, and assuming that d is independent of temperature for each monoterpenoid (Table 1 ). This routine predicted that H increased by 1.1-to 1.8-fold (on average 1.41) with a 5°C increase in leaf temperature for different monoterpenoids. This is consistent with experimental data demonstrating a strong effect of temperature on H [Staudinger and Roberts, 1996; Rice et al., 1997] . For K o/ w , the temperature dependencies were not available, and the values measured at 25°C were employed. Although for hydrophobic compounds, K o/w may decrease with increasing temperature [Lei et al., 2000] , the enthalpy of octanol to water transfer is generally relatively low, implying minor temperature effects on K o/w [Sangster, 1989] . We conclude that more experimental work on temperature effects on monoterpene solubility in water and plant lipids is necessary, but also that the uncertainties in the H and K o/w values led to errors less than an order of magnitude. Given this and also that these errors were unlikely systematic, they cannot be the sole reason for large systematic differences between the conductance estimates.
[71] As we discussed, the possible overestimation of monoterpenoid diffusion conductances due to the use of the same gas-phase tortuosity and cell wall effective porosity as determined for CO 2 diffusion in the leaf likely leads to errors less than an order of magnitude. However, more importantly, our theoretical calculations explicitly suggested that stored foliar monoterpenoids are homogeneously distributed within the leaf cells. This does not consider that highly lipophilic monoterpene molecules may aggregate in the cytosol creating micelles and vesicles. Such an aggregation of monoterpenes into micelles and droplets of pure monoterpenoids may dramatically decrease the effective surface area for diffusion. Because plant cells generally contain lipid vesicles, and monoterpenoid aggregation may easily decrease the diffusion surface area by a factor of 10 3 -10 4 ( Figure 10 ) we consider this possibility as a most likely explanation for the discrepancies between observations and simulations of the ''fast'' pool time kinetics.
[72] Our theoretical calculations further assumed that the diffusion proceeds along the shortest pathway from the chloroplasts to substomatal cavities, and that the length of the diffusion pathway is a constant. This may be appropriate if the diffusion efflux rates are high due to high rates of synthesis. However, all chloroplast membranes will gradually come to an equilibrium with the aqueous phase, and after cessation of the synthesis, a large fraction of monoterpenes may diffuse from the distal sides of the chloroplasts and cytosol, indicating that a series of exponentials may be appropriate to describe the time-dependent changes in monoterpenoid emission in such a situation. This is a general limitation of flow/resistance diffusion models [Parkhurst, 1994] . In addition, leaves also contain significant amounts of vasculature and epidermal tissues that may also form a sink of monoterpenoids during high rates of synthesis, but present a source after cessation of synthesis. To account for the inherent heterogeneities of the diffusion pathway, we suggest that explicit three-dimensional models may provide an important tool to improve the description of monoterpenoid diffusion within the leaves.
[73] The lumped leaf lipid phase is actually any hydrophobic location in the leaf including cuticle, cell wall lignin, and all leaf membranes, being thus, inherently heterogeneous. Because of missing measurements of water to lipid-phase partition coefficients, K o/w was used as an estimate of monoterpenoid solubility in the leaf lipid fraction (equations (14) and (22)). This was partly verified by the circumstance that the monoterpenoid K o/w and cuticle to water partition coefficient were essentially equal. However, further work is called for to determine the monoterpene solubilities of various leaf hydrophobic regions. Given that the estimates of monoterpenoid diffusivity in different leaf membranes and cuticle varied by three orders of magnitude (10 À14 -10 À16 , equations (22) - (23)), the calculations of the ''slow'' pool half-times may be improved by actual measurements of monoterpenoid diffusivities in various components of leaf lipid phase.
[74] Our calculations of the diffusion conductances were based on the assumption that there is no interaction between the diffusing compound and the diffusion medium. However, adsorption to the surface, e.g., to hydrophobic surfaces of leaf apoplast, may strongly curb the effective diffusion conductances. The more hydrophobic a chemical, the more susceptible is it to adsorption due to increases in van der Waals and hydrophobic forces [Staudinger and Roberts, 1996] . Studies indicate that monoterpenoids are especially vulnerable to adsorption [Jørgensen et al., 1999] . This is important because the adsorption effects can significantly decrease the effective compound diffusion coefficient, depending on the relative magnitude of pore volume diffusion and diffusion in the adsorbed phase, i.e., surface diffusion [Drazer et al., 1999; Prasetyo et al., 2002; Sotelo et al., 2002] . Surface diffusion is generally several orders of magnitude slower than the pore volume diffusion [Drazer et al., 1999; Prasetyo et al., 2002] suggesting that monoterpenoid adsorption to porous hydrophobic apoplast surface may provide a further explanation for the large half-times of the ''slow'' pool.
Outlook
[75] The outlined complications indicate that the theoretical estimations of monoterpenoid diffusion conductances are currently bound to inherent uncertainties, and that further detailed experimental work is required to gain mechanistic insight into within-leaf diffusion of monoterpenoids. Although it may first seem that our approach requires an excessive number of parameters, being therefore, inferior to the existing empirical algorithms [Guenther et al., 1993] , most of these parameters are monoterpenoid physico-chemical characteristics, exact estimates of which are either available or may be determined in the laboratory. Once determined, these characteristics can always be taken as constants. In fact, our phenomenological model needs three parameters per monoterpenoid, of which two are needed to describe the kinetics of the liquid and lipid phases, and one is needed to distribute the synthesized monoterpenoids between the pools. For the time being, we suggest that empirical correlations between nonspecific storage pool half-times and physico-chemical characteristics of volatile monoterpenoids provide an encouraging way to determine these kinetic constants, and include the storage effects into current emission models. In the future model generalization, and after more species with contrasting emission patterns have been investigated, time-lags in the synthesis and emission that are important at ecosystem, regional and global scales may possibly be characterized by a single empirical delay factor.
Conclusions
[76] Our simulation analysis demonstrates that nonspecific storage effects importantly alter monoterpenoid emission dynamics to rapid and long-term changes in environmental conditions in emitting species that lack specialized monoterpene-storage compartments in the leaves. Current steadystate emission models generally provide poor fits to daily time-courses of monoterpenoid emission in these species, suggesting that the models still lack important mechanisms. For example, they do not account for the delays between monoterpene production and emission due to nonspecific storage. There are large diurnal and day-to-day variabilities in environmental factors, making consideration of such effects pertinent, especially for midday periods of high atmospheric reactivity, during which it is especially relevant to reliably predict the emission rates. In addition, nonemitting species may form a significant sink for monoterpenoids, in particular, when atmospheric monoterpene mixing ratios are high, suggesting that the nonspecific storage effects may become amplified at an ecosystem level.
[77] A further outcome of this study is that the nonspecific storage brings about modifications in the fractional composition of emitted monoterpenoids after changes in environmental conditions. Although such modifications in terpene composition are often observed, they cannot be explained by current empirical steady-state models. Given that for various plant monoterpenoids the atmospheric rate constants for reaction with ozone vary more than four orders of magnitude [Calogirou et al., 1996] and for the reaction with hydroxyl radicals more than two orders of magnitude [Howard and Meylan, 1997] , prediction of shifts in monoterpene fractional composition has major significance for constructing atmospheric reactivity scenarios.
[78] Encouraging correlations were observed between monoterpenoid physico-chemical characteristics and turnover times of nonspecific storage pools, providing an important basis to evaluate the potential storage effects for various monoterpenoids. However, discrepancies between the empirical and theoretical monoterpenoid conductances from the site of storage to substomatal cavities indicated that further research is necessary to determine the distribution of stored monoterpenoids within the leaves.
[79] Mediterranean Quercus species provide a good example of a system where the emission rates are controlled both by physiology and storage pool sizes. There is recent evidence indicating that monoterpene emission may originate from pools of differing time constant also in conifer species [Schürmann et al., 1993; Simon et al., 1994; Staudt et al., 1997; Shao et al., 2001] , emission in which was previously thought to originate only from the resin ducts with a slow turnover time [e.g., Tingey et al., 1991; Guenther et al., 1993] . Assuming this, the terpene efflux rates have been related to leaf temperature only. We call into question the hypothesis that the emission fluxes in conifers are always in a steady state, and suggest that our analysis may potentially also be applied to monoterpene emitting species with extensive foliar storage tissues. To parameterize such effects, more advanced understanding of monoterpene partitioning between short-and long-term storage as well as of leaf internal diffusion pathway is necessary. ) for a certain temperature (T K , K) and air pressure (P, Pa). This method describes empirically the diffusion of gases by intermolecular collision:
where is the collision integral, s is the characteristic length of monoterpene molecule interacting with air molecules (Å ) [Wilke and Lee, 1955] , and M R (mol g , and e the energy of attraction (J). Boiling points (K) of specific compounds are necessary to calculate , and LeBas molar volumes (V M 0 , cm 3 mol À1 ) to determine s values [Tucker and Nelken, 1982] . LeBas molar volumes are calculated as a combination of atom-and structure-specific diffusion volume increments. This method is applicable over a large temperature and pressure range, and provides estimates of D A with an average error of ca. 4% [Tucker and Nelken, 1982] . A comparison of calculated D A values (equation (A1)) with experimental estimates of D A [Berezhnoi and Semenov, 1997] for alicyclic and aromatic hydrocarbons, aliphatics, and aliphatic alcohols-all major classes of compounds observed among volatile isoprenoids of Q. ilex-also indicated that equation (A1) gives estimates with a relative error of 0 -9.4% (average 4.2% for n = 11).
[81] The binary diffusion coefficient for water vapor in air at normal pressure was calculated from an empirical equation summarizing a large amount of experimental data of various sources [Vargaftik, 1972] , for a temperature range of 273 K < T K < 370 K): ):
where h is the viscosity of water (Pa s), and V M 0 the LeBas molar volume. For 87 solutes diffusing into water the equation (A4) predicted D W values with an average error of 5.8% [Hayduk and Laudie, 1974] .
[83] Experimental data [Vargaftik, 1972; Weast et al., 1989; Yeletskii, 1991] . Because of very low solubility, this conditions was satisfied for all volatile isoprenoids emitted by Mediterranean Quercus species (Table 1) .
A3. Isoprenoid Vapor Pressures
[84] Extensive search of relevant physical reference data collections as well as specific experimental studies [Josephy and Radt, 1948; Jordan, 1954; Banerjee et al., 1980; Lide and Kehiaian, 1994; Fugmann et al., 1997; Howard and Meylan, 1997; Bauer et al., 1998; Daubert et al., 1998; Eggersdorfer, 1998; Fichan et al., 1999; Fluka Chemie AG, 1999; Merck KGaA, 1999] (see also R. L. Brown and S. E. Stein, Boiling point data, in NIST Chemistry WebBook, NIST Standard Reference Database Number 69, edited by P. J. Linstrom and W. G. Mallard, National Institute of Standards and Technology, Gaithersburg, Md., available at http://webbook.nist.gov, July, 2001) was carried out to find saturated monoterpene partial pressure (P V ) versus temperature relationships, data of P V at various temperatures, and values of normal (P V = 101.325 kPa) boiling points (T B ). The geometric isomers (cis, trans-) were considered separately, but the data for stereoisomers of specific monoterpenoids were pooled. Relying on most reliable data sources [e.g., Daubert et al., 1998 ], the obtained data were critically revised. In general, all data converged well at high values of P V -close to and at normal boiling point temperatures of 155 -220°C-but large discrepancies were observed between various data at lower temperatures. Although P V values at temperatures of 0 -50°C are particularly important for environmental applications, the experimental determinations of P V become increasingly inexact with decreasing temperature. Preference was given to most recent experimental [e.g., Fichan et al., 1999] and revised [Daubert et al., 1998 ] data, and a number of P V values estimated by extrapolation beyond the range of measurements as well as older experimental observations [see, e.g., Jordan, 1954; Howard and Meylan, 1997] significantly biased according to novel information were declined.
[85] Equilibrium vapor pressure (kPa) versus temperature (T K , K) relationships were fitted by Antoine equation that is often employed to describe pressure versus T K dependencies over a limited range [Grain, 1990b] :
where A (dimensionless), B (K) and C (K) are empirical coefficients. These coefficients were obtained by fitting LogP V versus A À B/(T K À C) relationship by a nonlinear regression. Overall, equation (A5) provided good fits to the data with the fraction of explained variance (r 2 ) generally exceeding 0.999.
[86] For sabinene and cis-and trans-b-ocimene, which are emitted in large quantities in Q. ilex [Staudt et al., 2001] , experimental information of low temperature vapor pressures was not available. For these monoterpenoids, an estimate of P V at 25°C (P V 25 ) was derived from a correlation between T B and values of P V 25 available for other structurally similar monoterpenoids (r 2 = 0.89). The estimates of P V 25 along with other available data were further employed in derivation of the Antoine relationships. For these two, and for other monoterpenoids with limited experimental observations, C in equation (A5) was computed according to Thompson's rule as 0.19T B À 18 [Grain, 1990b] before fitting the P V versus T K relationships.
[87] In their physico-chemical model of monoterpenoid emission, Tingey et al. [1991] extrapolated vapor pressure data of liquid camphor to temperatures, at which camphor is a solid. However, the vapor pressure of a solid is much lower than that of a hypothetical supercooled liquid, and it is important to include an appropriate correction for phase change. Most of the monoterpenoids emitted by Q. ilex (Table 1) [Staudt et al., 2001 ] are liquids at an ambient temperature of 25°C. However, camphene (melting point, T m = 50.2°C) and camphor (T m = 178.5°C) are solids over the temperature range relevant for monoterpene emission from the foliage, and a-terpineol is a solid up to a temperature of 34.8°C [Devon and Scott, 1972; Howard and Meylan, 1997; Bauer et al., 1998; Fluka Chemie AG, 1999; Merck KGaA, 1999] . Thus, the Antoine equations of these compounds provide a low-temperature estimate of P V for a hypothetical supercooled liquid. The vapor pressure for a solid (P V s ) at temperature T (K) is obtained from the supercooled liquid vapor pressure (P V l ) as [Mackay and Shiu, 1981; Grain, 1990b] :
where DS f (J mol À1 K
À1
) is the entropy of fusion, R is the gas constant (J mol À1 K
), and T m is in K. The default value for DS f is 56.6 J mol À1 K À1 [Shiu and Mackay, 1986; Grain, 1990b] . For camphene a literature value of 93.3 J mol À1 K À1 [Daubert et al., 1998 ] was used. DS f of 37.4 J mol À1 K À1 for camphor and 124 J mol À1 K À1 for aterpineol were determined from the vapor pressure differences for supercooled liquid as calculated by equation (A5), and actual measurements of vapor pressures of solid compounds at 25°C [Howard and Meylan, 1997] .
A4. Aqueous Solubilities and Henry's Law Constants
[88] Currently available prediction methods to derive estimates of water solubility (d) using quantitative structureproperty relationships [Grain, 1990a; Lyman, 1990; Yalkowsky and Banerjee, 1992; Myrdal et al., 1995] are generally accurate only within an order of magnitude [Lyman, 1990] . UNIFAC (Uniquac functional group activity coefficients), the most widely accepted approach for solubility determination (see Yalkowsky and Banerjee [1992] for a review), predicts monoterpene solubilities with an average accuracy of only 220% [Fichan et al., 1999] (C. Larroche, personal communication, 2000) . Given this large uncertainty, we considered only experimentally determined monoterpene solubilities [Massaldi and King, 1973; Banerjee et al., 1980; Schmid et al., 1992; Weidenhamer et al., 1993; Loreto et al., 1996a; Howard and Meylan, 1997; Fichan et al., 1999] in our model calculations.
[89] There are inherent limitations in experimental determinations of solubility limits of poorly soluble organics, which are mainly associated with solute adsorption effects as well as formation of colloidal particles [McAuliffe, 1969; Mackay and Shiu, 1981; Dickhut et al., 1986; Myrdal et al., 1995; Staudinger and Roberts, 1996] , and lead to study-tostudy variability among experimental estimations. Possibly because of experimental difficulties, we observed a large variability in d for specific monoterpenoids. For example, for a-pinene the experimental determinations provided values ranging from 0.026 mol m À3 [Schmid et al., 1992] to 0.16 mol m À3 [Weidenhamer et al., 1993] at 25°C. Examination of the deviation of all available experimental data from the mean value indicated that certain studies provided biased solubility estimates; e.g., the study of Weidenhamer et al. [1993] gave consistently higher solubility estimates for monoterpenes with low solubility, and lower estimates for monoterpenes with higher solubility. Systematic deviation from other published data provided the criterion for declining the data. After declining the biased observations, a geometrical mean value was calculated for the monoterpenoids (Table 1) .
[90] The Henry's law constants (H, Pa m 3 mol
À1
) were calculated as the ratio of saturated vapor pressure, P V , to aqueous solubility (equation (8)). The primary assumption of our H calculations is that the solubility of water in the pure organic compound is small (<0.05 mol fraction [Staudinger and Roberts, 1996] ), i.e., that the vapor pressure of the water-saturated organic compound negligibly differs from the vapor pressure of the pure compound.
[91] The water solubility of organic compounds may increase, decrease or remain constant with increasing temperature. In general, the solubilities of most liquids and solids increase, and the solubilities of gases decrease with increasing temperature [Yalkowsky and Banerjee, 1992] . However, the data of temperature effects on monoterpenoid solubility are scarce. For limonene, a liquid monoterpene, the solubility increases over the temperature range of 0 to 25°C with an enthalpy of solution (DH d ) of 9.7 kJ mol À1 (calculated from Massaldi and King [1973] ). However, for 1,8-cineole, d measured at 20°C in one study [Howard and Meylan, 1997] was larger than that measured at 25°C [Schmid et al., 1992; Fichan et al., 1999] , 1948] . Potentially large variability in experimental solubility determinations, especially if the data from various sources must be pooled, complicates the assessment of temperature effects on solubility, and evaluation of the accuracy of DH d values obtained. Nevertheless, available data collectively demonstrate minor temperature effects on the solubility of liquid and solid monoterpenoids. Thus, we scaled the Henry's law constant to each temperature by determining P V from equations (A5) and (A6), and assuming an invariable water solubility of specific monoterpenoid (Table 1) .
A5. Octanol/Water Partition Coefficients
[92] Experimental determinations of monoterpenoid octanol to water partition coefficients (K o/w ) were employed whenever possible [Banerjee et al., 1980; Schmid et al., 1992; Howard and Meylan, 1997] , and averages were computed if multiple estimates were available. For cis-and transb-ocimene, b-phellandrene, and a-terpinene we determined K o/w from a correlation between logK o/w and logd that was developed using available estimates for other monoterpenoids emitted by Q. ilex (r 2 = 0.96). Such correlative relationships are often employed to determine either K o/w or d when one of them has been experimentally determined [Shiu and Mackay, 1986; Lyman, 1990; Schmid et al., 1992; Yalkowsky and Banerjee, 1992] . For compounds of similar structure, these correlations generally result in a good agreement between model predictions and experimental observations. Although K o/w of hydrophobic compounds may decrease with increasing temperature [Lei et al., 2000] , no data of temperature effects on K o/w are available for monoterpenoids.
[93] Acknowledgments. We thank Dr. Uwe Kuhn (Max Planck Institute for Chemistry, Mainz, Germany) for the invaluable comments. Financial support was provided by the European Commission (VOCAMOD, Contract Nr. ENV4-CT97-0424), by the Estonian Science Foundation (Grant 4584), and by the German Federal Minister of Research and Technology (BMFT, Grants BEO 51-0339476A, EST 001-98).
